Magnetizing inductance is one of the parameters that affect the phase and amplitude error of the output current of current transformers (CTs). In this study, the linear circuit model of a CT is developed to be used for driving purposes in power electronics applications. A simulation of the CT and its linear model is achieved. In the model circuit, the effect of the magnetizing inductance on the driving voltage can be examined. The equivalent circuit simulation results and the linear model simulation results along with the calculated results show agreement with each other. These results are compared with experimental results.
Introduction
A current transformer (CT) is a special type of transformer that is generally used for stepping down from high current levels to measurable low levels. They are used in high-and low-voltage systems for measuring or surge protection purposes. In addition, they can also be used in power electronics circuits. The output current of CT is converted to the voltage waveform by a burden resistance connected to the secondary side [1] . Therefore, in power circuits, the measurement of the current can be achieved with a lower cost in comparison to Hall-effect sensors [2] . Providing a galvanic isolation, low power losses, operation at a high bandwidth, and sufficient voltage levels for output are the other advantages of CTs [3] . Thus, CTs are broadly used in many applications such as detecting and measuring the current or driving switches based on the current signal [4, 5] .
In self-oscillating converters, switches can be driven using resonant current or voltage feedback [6] . The switching device, which is powered from a resonant circuit by the current feedback, is called a self-oscillating driver with a CT [7] . The sensitivity levels and power losses of the CT are directly related to its design. Core losses are reduced if cores with high magnetic permeability are used [1] . To increase the sensitivity of the CT, the core should have high magnetic permeability and high resistance [8] . Hence, in the design, toroidal cores, which have a narrow hysteresis curve and do not have an air gap, are generally preferred. A CT's windings can be approximately modeled as a linear coil, as long as the BH curve of the core is linear. Therefore, a linear CT model can be used in the modeling of the system because of its simplicity [3] . In the literature, the linear model was used for electronic ballasts to simplify the gate drive network [5, [9] [10] [11] [12] . However, the simulation results of both the driver transformer and the linear model with measured parameters and their comparison with experimental results were not presented in those studies.
In this study, a linear transformer model for different conditions of self-oscillating power converters, which is one of the application areas of CTs, is designed, simulated, and experimentally tested. The output current is converted to voltage form using zener diodes on the secondary side. Hence, a driver circuit model is obtained for voltage controlled switches like MOSFETs. In the model, measured transformer parameters are used. The CT equivalent circuits are achieved with coupled coils and a linear coil. The results for the coupled coils and the linear model are compared. The simulation results of the CT model circuit for different magnetizing currents can be observed. Additionally, the change in the magnetizing current and the effects of this variation to the output voltage can be seen in the simulation circuit simultaneously. The relationship between the secondary current and the output voltage can be observed using the parametric simulation method and the experimental circuit. Boundary conditions for both the magnetizing inductance and the secondary current can be calculated. The measurements taken from the CT show good agreement with the results calculated or obtained from the simulations.
Structure of the CT
A typical CT consists of a toroid core with n number of windings and a conductor cable passing through the core. Toroids have the advantage of high efficiency and high magnetic coupling over conventional laminated cores [13] Figure 1 shows the structure and the equivalent circuit of a typical CT. In Figure 1a , the 1-turn conductor, which is placed through the core, is called the primary winding. In Figure 1b , the magnetic coupling between the primary winding and the n− turn secondary winding is represented by the coupling factor k . The output current is converted to a voltage signal with a burden resistance (R) on the secondary side.
For 1-turn primary and n−turn secondary windings, the secondary current (i s ) can be calculated using the primary ( i p ) current and turn number (n) in Eq. (1).
In Figure 1b , L p and L s are the primary and the secondary winding inductances, respectively.
Here, A L is the inductance factor of the core and is related to the magnetic permeability and size of the core.
CT model
In an ideal CT, there are no copper losses or voltage drops. The primary and the secondary currents are in the same phase and they have the ratio obtained from Eq. (1). The linear model of the CT shown in Figure 1 is created with the assumption that the core is not saturated; therefore, the magnetizing inductance is represented by a linear coil [3] . The primary circuit voltage drops, core losses, effects of the winding capacitances, and temperature effects are neglected. With these assumptions, the equivalent circuit of the CT, which is created for the voltage-controlled switches, is shown in Figure 2a . Figure 2b shows the equivalent drive circuit that is reflected on the secondary side with a sinusoidal current source, zener diodes, and CT parameters. In the circuit, zener diodes are used in place of the burden resistance. In Figure 2 , R s and L l are the secondary winding resistance and the leakage inductance, respectively. The parameters of the 1-turn primary winding are not shown in Figure 2 because of its small parameters. L m is the secondary side magnetizing inductance. L l can be calculated using the magnetic coupling coefficient (k).
If the magnetic coupling between the windings is ideal (k = 1) , then the magnetizing inductance is equal to the secondary inductance.
Zener diodes are used in place of the burden resistance in the circuit model, as shown in Figure 2 . The output voltage is limited between +V z and −V z . When the L m value is sufficient, the i m current linearly increases or decreases. Figure 3 shows the theoretical current and voltage waveforms of the CT model [10, 11] .
In self-oscillating power converters, the primary current is converted into a suitable voltage by a CT for driving the switches [12] . The effect of the gate circuit of the power switch is not taken into account in Figure 3 The time delay ( t d ) between the secondary current and the driving voltage arises from the effect of the driving circuit parameters. The driving voltage depends on the zener current. If the i z current is greater than 0, then the output voltage is +V z ; otherwise, it is −V z . Therefore, the change in the magnetizing current over time can be defined as in Eq. (6) [3] : where I O is the initial coil current and T s is the switching period. Because the output voltage is in the square wave form, the approximate peak value of the magnetizing current can be found using the following equation.
The sum of the magnetizing current and the zener current gives the secondary current [10] .
According to Eq. (7), as the L m value decreases, the magnetizing current increases. The difference between the secondary current and the zener current increases; hence, t d increases. As a result, the phase difference between the driving voltage and the primary current increases. For this reason, the zener diode voltage, the switching period, and the magnetizing inductance are the parameters that affect the driving voltage.
Obtaining a square wave driving voltage at the circuit depends on the critical magnetizing inductance (L mc?? ). The inductance value has to be above the value given in Eq. (9) for the selected zener voltage and the secondary current.
A situation similar to Eq. (9) also applies to the secondary current. If the I m,peak value reaches the peak secondary current (I s,peak ) value, the desired square wave output voltage cannot be obtained. For this reason, a turn ratio that would provide currents above the critical secondary current (I scr ) value should be selected (Eq. (10)).
Parameters of the CT
A Philips TN23/14/7 toroid is used for the experimental studies of the CT. The toroid's parameters are given in Table 1 . [14] . A secondary winding is wound on 3 different cores made up of 40, 45, and 50 turns. All of the cores are of the same type. A copper wire with a 0.35-mm diameter is used. A L (nH) 1250 ± 25% Grade 3F3
The coupling factor between the primary and secondary windings of 1:50 CT is 0.974 when measuring the results over the inductance, capacitance, and resistance (LCR) meter. The coupling factors of the 1:40 and 1:45 transformers are considered as the same as with the 1:50 CT. The calculated parameters of the CTs and their models are given in Table 2 . 
Simulation and experimental study of the CT

Linear model
The simulation circuit of the 1:50 CT and its model are set up in PSpice according to the calculated parameters in Table 2 . Linear coupled coils are used in Figures 4a and 4b . In these circuits, a current source, which has a 2-A peak value and 40-kHz frequency, is used for the primary current; 15-V zener diodes are selected. Figure  4c shows the simulation circuit of the CT with a linear model. In this circuit, depending on Eq. (1), the peak value of the current source is defined as 40 mA. The output voltage of the CT and its linear model simulation results are shown in Figure 5 , where the CT and its linear model give the same outputs.
The values of the CT parameters measured through the LCR meter are given in Table 3 . The experimental results are obtained using the 1:50 CT circuit and zener diodes in Figure 6a . Figure  6b gives the experimental output voltage waveform of the 1:50 CT, while the primary current is a 2-A peak at 40 kHz. In the oscilloscope, the current measurements are achieved with a 0.3 Ω /3 W resistance (300 mV = 1 A). The simulation and experimental results of the primary and zener diode currents are given in Figures  7a and 7b , respectively. In the simulation results, the magnetizing current is also shown. According to the waveforms, there is a phase difference between the primary current and the zener current. The primary current and the zener current are not in the same phase because of the influence of the magnetizing current. The calculated and simulated peak magnetizing current results are given in Table 4 . The magnetizing current increases as the number of secondary turns decreases.
Effect of the magnetizing current on the driving voltage
As seen in Figure 4c , one of the advantages of obtaining the CT linear model is the ability to investigate the magnetizing current in the circuit. For this reason, in a self-oscillating converter, the influence of magnetizing inductance on the driving voltage can be examined and the working characteristic of the system can be observed. For this purpose, the parametric simulation circuit was designed, as shown in Figure 8 . A sinusoidal current source with the peak value of 50 mA at 40 kHz is used here. The magnetizing inductance values of the circuit are chosen according to Table 2 . The change in the magnetizing current and the driving voltage can be seen simultaneously in Figure 9 . As the magnetizing current increases, the phase difference between the driving voltage and the secondary current increases. 
Effect of secondary current on the driving voltage
According to Eq. (10), the critical peak value for the secondary current becomes 30.798 mA in the CT where the secondary windings have 50 turns. The effect of the secondary current on the driving voltage for the chosen number of windings is examined in the simulation circuit in Figure 10 . The critical current value calculated according to Eq. (10) is taken into consideration; therefore, in the parametric simulation, a current source with 25-and 35-mA peak values is used to provide currents below and above the critical secondary current. According to the results of the application and simulation, the driving voltage gets deformed below the approximate critical secondary current values and the deviation between the primary current and the driving voltage increases.
The differences between the simulated and the experimental results occur for the following reasons: the zener diode model used in the simulation is not exactly the same as the model used in the application. Additionally, an ideal core cannot be used in the transformer, so the core does not have a linear characteristic.
Conclusions
One of the application areas for CTs is the drive circuit for self-oscillating converters. In the self-oscillating drive circuit, the CT's magnetizing current and the zener diode voltage affect the driving voltage and switching frequency. In this study, the linear circuit model of the CTs was designed. The results of the CT calculated from the electrically equivalent circuit and the linear model were compared with the results obtained from the simulation and application. Hence, the effect of the transformer's magnetizing current could be examined. For different turn ratios, the effect of the magnetizing current and the secondary current on the driving voltage can be seen in the linear model simulation, where the parametric simulation method is used. As the magnetizing current increases, the phase error between the driving voltage and the secondary current increases. The driving voltage with a square wave form cannot be obtained for values below the critical secondary current. As the number of secondary windings decreases, the phase of the current gets delayed when compared to the driving voltage. This situation affects the phase angle of the self-oscillating converters. The circuit model brings the advantage of testing the conditions for different magnetizing inductance and secondary current conditions of the self-oscillating driver.
